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Resumo 
A emissão de luz por parte de um organismo vivo é um dos fenómenos da 
natureza mais bonitos e fascinantes. Este processo foi chamado de bioluminescência 
e resulta geralmente de uma reação de oxidação de um substrato, luciferina, 
catalisado por uma enzima, luciferase. O sistema bioluminescente mais conhecido e 
estudado é aquele dos pirilampos. Este sistema consiste uma reação de dois passos: 
numa primeira fase, a luciferase catalisa uma adenilação entre a luciferina e a 
adenosina-5’-trifosfato (ATP), na presença de Mg2+, dando origem ao luciferil-
adenilado; no segundo passo reacional, o adenilado é oxidado na presença de 
oxigénio molecular, o que resulta na formação de um intermediário com um conteúdo 
altamente energético, a dioxetanona do pirilampo. É a decomposição deste 
intermediário que leva à formação do emissor de luz, oxiluciferina, já num estado 
excitado. 
Devido a propriedades muito desejáveis (alto rendimento, dependência por ATP, 
simplicidade e alta sensibilidade analítica), a reação bioluminescente do pirilampo tem 
ganho muitas aplicações nas áreas de medicina, bioanálise e farmacêutica. Mais 
especificamente, tem sido usada para a deteção de analitos como ATP, como gene 
repórter e em bioimagem, entre outros. No entanto, este sistema bioluminescente 
apresenta alguns constrangimentos que impedem o seu uso em novas aplicações, ou 
um uso mais eficaz em aplicações já existentes. 
A alta Km do ATP e a formação de produtos inibitórios, que criam um perfil de luz 
emitida de tipo flash, limitam a sensibilidade analítica desta reação. Para além disso, a 
luz emitida tem um comprimento máximo na zona do verde no espectro visível, 
quando os fotodetectores usados em ensaios in vitro são mais sensíveis na zona do 
azul. Os ensaios in vivo também estão associados a limitações, pois os tecidos e 
células absorbem fortemente na zona do verde, pelo que seria mais benéfico a luz 
emitida numa reação bioluminescente ter um máximo na zona do vermelho. 
Vários grupos têm tentado ultrapassar estes problemas ao modificar tanto a 
luciferina com a própria luciferase. No entanto, estas tentativas estão geralmente 
associadas a uma baixa significativa da intensidade da luz emitida. Esta diminuição 
estará relacionada com um destes fatores: o rendimento da formação da oxiluciferina, 
o rendimento do passo de chemiexcitação e o rendimento da fluorescência da 
oxiluciferina. A dificuldade está em saber qual destes parâmetros é responsável pela 
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diminuição da intensidade de luz, e como se pode inverter este fenómeno, já que 
grande parte do mecanismo da reação bioluminescente está longe de estar clarificada. 
Neste trabalho foram usadas várias técnicas teóricas e experimentais para 
explicar vários aspetos da reação bioluminescente: a formação de compostos 
inibitórios e a razão para o seu poder inibitório (Capítulo 2); o mecanismo de reação 
que leva à formação da dioxetanona do pirilampo (Capítulo 3); a determinação do 
mecanismo de decomposição das dioxetanonas, e o estudo de como estas moléculas 
permitem a formação de estados excitados (Capítulo 4); a clarificação do mecanismo 
da bioluminescência multicor (Capítulo 5); as propriedades da oxiluciferina enquanto 
fotoácido e as implicações destes processos na reação bioluminescente (Capítulo 6). 
O objetivo deste trabalho de investigação é que as conclusões aqui obtidas possam 
ser usadas pela comunidade científica interessada para desenvolver sistemas 
luciferase-oxiluciferina mais adequados para aplicações in vivo e in vitro. 
Foi estudada teoricamente a ligação de três importantes adenilados à luciferase 
do pirilampo, revelando assim os principais aminoácidos responsáveis por esta 
ligação. Deste modo foi possível apresentar mais dados relativos ao mecanismo 
responsável pelo perfil de flash da bioluminescência. Foi também excluída a 
possibilidade de formação da desidroluciferina e de um isómero da luciferina a partir 
do substrato da reação bioluminescente, o que elimina estes compostos como 
possíveis inibidores da reação de emissão de luz. 
Foi também estudada, de forma comparativa, o possível papel de um carbanião ou 
de um radical na formação da importante dioxetanona do pirilampo. Os nossos 
resultados teóricos favoreceram a presença de um radical, já que este permite explicar 
a interação do oxigénio molecular com um composto singleto para dar origem a um 
produto singleto. Este mecanismo também permite explicar a formação do inibidor 
desidroluciferil-adenilado. Estes resultados foram corroborados pela descoberta do 
envolvimento de um intermediário radicalar na reação quimioluminescente entre a 
luciferina e o anião superóxido. 
O estudo de várias dioxetanonas mostrou que estas moléculas se decompõem 
através de um mecanismo concertado, e que a quimioexcitação se deve 
maioritariamente a fenómenos de intersystem crossing entre estados 
fundamentais/excitados singletos e estados tripletos, para além de transições entre 
estados singletos. Estes resultados levaram à elaboração da teoria “Interstate 
Crossing Induced Chemiexcitation” (ICIC), que nos permite explicar a formação de 
estados excitados a partir da decomposição de dioxetanonas. 
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Estudos computacionais da ligação da oxiluciferina a duas conformações da 
luciferase permitiram determinar que o comprimento máximo de emissão da reação 
bioluminescente é controlado pelo campo electroestático, formado pelas interações 
intermoleculares entre a oxiluciferina e o centro ativo da enzima. Mais 
especificamente, a cor da emissão é determinada por interações electroestáticas 
repulsivas com a adenosina-5’-monofosfato, pontes de hidrogénio com moléculas de 
água e interações π-π com uma fenilalanina. A análise a vários análogos da 
oxiluciferina permitiu determinar que um maior comprimento de emissão e uma maior 
intensidade de fluorescência se deve a efeitos de conjugação π-π e a uma maior 
sobreposição entre orbitais HOMO e LUMO, especialmente na região conectiva entre 
as duas porções que constituem as moléculas emissoras de luz. 
Finalmente, o ciclo fotoprotolítico da oxiluciferina, luciferina e desidroluciferina em 
solução aquosa foram estudados e caracterizados. Isto permitiu-nos identificar estas 
moléculas como fotoácidos, determinar caminhos de desativação de fluorescência, e 
observar o envolvimento de complexos supramoleculares. Mais importante, permitiu-
nos prever o envolvimento da espécie oxiluciferina-enolato na reação bioluminescente, 
e propô-la como um dos possíveis emissores de luz. 
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Abstract 
Light emission from a living organism is one of the most pretty and fascinating 
natural phenomenon observed. This process is called bioluminescence and it 
originates from an oxidation of a substrate, luciferin, in a reaction catalyzed by an 
enzyme, luciferase. The most well-known and studied bioluminescent system is that of 
fireflies. This process consists on a two-step reaction: in the first step, luciferase 
catalyzes an adenylation reaction between luciferin and adenosine-5’-triphosphate 
(ATP), in the presence of Mg2+, which results in the formation of luciferyl-adenylate; in 
the second step, the adenylate is oxidized in the presence of molecular oxygen, which 
produces an high-energy intermediate, firefly dioxetanone. It is the decomposition 
reaction of this latter compound that gives origin to the light emitter, oxyluciferin, 
already in a singlet excited state. 
Due to very desirable properties (high quantum yield, ATP-dependence, ease to 
use and high analytic sensibility), the firefly bioluminescent reaction has gained a great 
number of applications in the pharmaceutical, bioanalytical and biomedical fields. More 
specifically, it has been used in the detection of several analytes (as ATP), as a gene 
reporter, and in bioimaging, among others. However, this bioluminescent system 
presents some problems that prevent its use in new applications or an increase in its 
efficiency in existent ones.  
The high Km of ATP and the formation of inhibitory products, which are responsible 
for a flash profile of emitted light, decrease the analytical sensibility of this reaction. 
Moreover, the emitted light presents a wavelength maximum in the green region of the 
visible spectrum, while the photodetectors used in in vitro assays have more sensibility 
in the blue region. In vivo applications are also associated with restrictions, as cells and 
tissues absorb more strongly on the green region of the visible spectrum, and such, it 
would be more beneficial if the light emitted in the bioluminescent reaction present a 
wavelength maximum in the red region. 
Several groups have tried to overcome these problems by modifying both luciferin 
and luciferase. However, these attempts are generally associated with a significant 
decrease of the intensity of emitted light. This decrease is related with one of these 
three factors: the yield of oxyluciferin formation, the chemiexcitation step, and the 
fluorescence quantum yield of oxyluciferin. The difficulty is in understand which one of 
these three parameters is responsible for the decrease in the intensity of light, and how 
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we can invert this phenomenon, as a large part of the firefly bioluminescence reaction 
mechanism is far from clarified. 
In this work were used several theoretical and experimental techniques in order to 
explain different features of the firefly bioluminescent reaction: the formation of 
inhibitory compounds and the reason behind their inhibition power (Chapter 2); the 
reaction mechanism that is responsible for the formation of firefly dioxetanone (Chapter 
3); the determination of the reaction of dioxetanone decomposition, and the clarification 
of how these molecules allow the formation of excited states (Chapter 4); the 
characterization of the multicolor bioluminescence tuning mechanism (Chapter 5); the 
properties of oxyluciferin as a photoacid, and the implication of this feature in the 
bioluminescent reaction (Chapter 6). The goal of this research work is that the 
conclusions here obtained can be used by the scientific community to develop 
luciferase-oxyluciferin systems more appropriated for in vivo and in vitro applications. 
It was studied theoretically the binding of three important adenylates to firefly 
luciferase, revealing in that way the amino-acid residues responsible for that binding. In 
that way was possible to present more data related to the mechanism responsible for 
the flash profile of bioluminescence. It was also excluded the possibility of the 
formation of dehydroluciferin and a luciferin isomer from the bioluminescent substrate, 
which eliminates these compounds as possible inhibitors of the light emitting reaction. 
It was also comparatively studied the potential role of a carbanion and a radical in 
the formation of firefly dioxetanone. Our theoretical results favor the presence of a 
radical, as it allows the interaction of molecular oxygen with a singlet compound in 
order to give origin to a singlet product. This mechanism also allows the formation of 
the inhibitor dehydroluciferyl-adenylate. These results were corroborated by the 
discovery of the involvement of a radical intermediate in the chemiluminescent reaction 
between luciferin and superoxide anion. 
The study of several dioxetanones showed that these molecules decompose via a 
concerted mechanism, and that chemiexcitation is due to intersystem crossing 
processes between ground/excited singlet and triplet states, besides transitions 
between singlet states. These results lead to the proposal of the Interstate Crossing 
Induced Chemiexcitation (ICIC) theory, which allows us to explain the formation of 
excited states from dioxetanone decomposition. 
Computational studies of the binding of oxyluciferin to two conformations of 
luciferase allowed the determination that the bioluminescent wavelength maximum is 
controlled by the electrostatic field, formed by intermolecular interactions between 
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oxyluciferin and the enzymatic active site. More specifically, the color of light emitted is 
determined by repulsive electrostatic interactions with adenosine-5’-monophosphate, 
hydrogen bonds with water molecules, and π-π stacking interactions with a 
phenylalanine residue. The analysis of several oxyluciferin analogues related increased 
emission wavelength and fluorescence intensity to π-π conjugation effects and to a 
higher HOMO-LUMO overlap, especially in the connective region between the two 
moieties of oxyluciferin. 
Finally, the photoprotolytic cycle of oxyluciferin, luciferin and dehydroluciferin in 
aqueous solution were studied and characterized. This allowed us to identify these 
molecules as photoacids, determine possible deactivation pathways, and observe the 
involvement of supramolecular π-π complexes. More importantly, it allowed us to 
predict the involvement of enolate oxyluciferin in the firefly bioluminescent reaction, and 
propose it as one of the possible light emitters. 
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Structure of the Thesis 
This Thesis is divided into three major sections, the introduction, the presentation 
and discussion of the results obtained in the study of firefly bioluminescence, and a 
conclusion plus future perspective section. Each section is composed of chapters, 
corresponding to papers already published in specialized peer-review international 
journals. 
The introduction section presents one chapter (Chapter one) in which 
bioluminescence and chemiluminescence concepts are described. More specifically 
are presented the available data regarding the reaction mechanism of firefly 
bioluminescence, its flash profile of emitted light and the properties of the light emitter, 
oxyluciferin. There are also described selected examples of applications. This section 
ends with a brief description of the main objectives of the project that led to the Thesis. 
The second section encompasses five chapters corresponding to the study of 
inhibitors potentially responsible for the bioluminescent flash profile (Chapter 2), the 
mechanism of firefly dioxetanone formation (Chapter 3), the decomposition reaction of 
dioxetanones and subsequent chemiexcitation (Chapter 4), the multicolor tuning 
mechanism of firefly bioluminescence (Chapter 5), and the characterization of firefly 
oxyluciferin as a photoacid (Chapter 6). 
The fourth and last section presents the main conclusion of the work performed, as 
well as perspective of future research. 
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Chapter 1 – Introduction 
The purpose of this chapter is to present the fundamental aspects of firefly 
bioluminescence, which is the main subject of this Ph.D. thesis. 
 
1.1. Introduction to Bioluminescence 
The term luminescence was used for the first time in the year 1888 by the german 
Eilhardt Wiedemann, and it was used to identify all light phenomena that are not the 
result of a temperature increase.1,2 Luminescence can be classified using as criteria the 
energetic source responsible for the formation of the electronic state. So, for example, 
photoluminescence occur when light emission is originated by the absorption of 
electronic radiation and bioluminescence when a biochemical reaction is responsible 
for light production by living organisms.3,4 Chemiluminescence is related to 
bioluminescence, in which light arises from a chemical reaction. For the purpose of this 
thesis, both chemi- and bioluminescence assume a role of particular interest. 
Bioluminescence can be found in a variety of living organisms, as fungi, insects, 
bacteria and fishes.5 The role of bioluminescence in these different organisms is wide-
ranging and includes prey attraction, sexual communication, aposematic signaling and 
camouflage/protection.6-8 
Among these different systems the biochemistry, color and method of display of 
light can be very different.9 There is, however, one common thread tying together all 
these different systems: all bioluminescent processes are luciferase-catalyzed 
reactions of molecular oxygen with luciferins. However, the term luciferin and luciferase 
are only generic, referring to the substrate and enzyme in a bioluminescent reaction, 
irrespective of their structure. For example, in bacteria a luciferase is a heterodimer of 
40 and 35 kDa that catalyze the oxidation of FMNH2-luciferin, while in dinoflagellates a 
luciferase of 137 kDa oxidizes a tetrapyrrolic luciferin. 
In more recent years, bioluminescent systems have gained several bioanalytical, 
biomedical and pharmaceutical applications, among others.10-12 The most studied 
bioluminescent system is that of North-American firefly, Photinus pyralis. Other species 
include Luciola cruciata, Luciola lateralis, Luciola mingrélica, Phritxotrix hirtus, 
Lampyris noctiluca and Lampyris turkestanicus.9,13 The most important characteristics 
of these systems, which justify their use in the development of novel applications, are: 
high quantum yield (~40-60%);14,15 a dependence for adenosine-5´-triphosphate (ATP); 
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being a near-instantaneous reaction; the fact of not being needed an excitation source 
allows for a very low “background noise”.  
 
1.2. Firefly Luciferase 
The cloning and sequencing of several luciferases of various firefly and beetle 
species revealed that these enzymes are closely related to a large family of 
nonbioluminescent enzymes, which catalyze reactions of ATP with carboxylate 
substrates to form acyl-adenylates.16,17 Firefly luciferase is then a 62 kDa protein that 
catalyzes the oxidation of firefly luciferin (D-LH2, Fig. 1A), in the presence of ATP and 
molecular oxygen. The reaction proceeds through the formation of an adenyl 
intermediate (LH2-AMP, Fig. 1B), leading to the formation of the light emitter 
oxyluciferin (OxyLH2, Fig. 1C), and subsequent emission of visible light18,19: 
D-LH2 + ATP-Mg2+ ↔ LH2-AMP + PPi-Mg2+          (1) 
D-LH2-AMP + O2 → OxyLH2 + AMP + CO2 + hv       (2) 
 
 
Figure 1 - Schematic representation of D-LH2 (A), LH2-AMP (B) and OxyLH2 (C). 
 
The luciferase crystal structure revealed an unique molecular architecture, which 
consists of a large N-terminal domain (residues 1-436) and a small C-terminal domain 
(residues 440-550), with the active site of this enzyme enclosing amino-acid residues 
on the surface of both domains (Fig. 2).20 The major part of the amino-acid residues 
important to the bioluminescent activity is located in the N-terminal portion and only 
one in the C-terminal domain.21 
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Figure 2 – Representation of firefly luciferase (from the Photinus pyralis species), 
when binding a LH2-AMP analog. 
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1.3. Firefly Luciferin and Oxyluciferin, and their Light Emitting 
Properties 
 
 
 
Article 1 
 
 
Advances in the knowledge of light emission by firefly luciferin and oxyluciferin 
João Vieira, Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
J. Photochem. Photobiol. B: Biology 2012, 117, 809-817. 
 
The bibliographic research was performed by Luís Pinto da Silva, who also supervised 
João Vieira in the writing of this review paper. 
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1.4. Firefly Bioluminescent Reaction 
Firefly bioluminescence is a complex phenomenon, which is based on a two-step 
enzymatic reaction catalyzed by luciferase (Fig. 3).  The first step is an adenylation 
involving the carboxylic group at the thiazolone moiety of D-LH2 and the phosphate 
groups of ATP, in the presence of Mg2+.22 In the second step LH2-AMP is oxidized in 
the presence of molecular oxygen, giving origin to OxyLH2 and the release of 
adenoside-5’-monophosphate (AMP) and carbon dioxide (CO2). OxyLH2 is formed in a 
singlet excited state, subsequently decaying to the ground state with emission of 
green-red light (530-640 nm), depending on the firefly species.5,13 
 
 
Figure 3 – Overall reaction mechanism of firefly bioluminescence. 
 
It is generally accepted that the phenolic group of D-LH2 is deprotonated in the 
bioluminescent reaction, and it is its anionic species that is converted into OxyLH2. The 
adenylation reaction is depicted as a SN2 nucleophilic displacement (Fig. 4), where the 
oxygen attack of the electrophilic phosphorus at the -phosphoryl group of ATP 
displaces inorganic pyrophosphate (PPi), and transfers the adenylate moiety to the 
carboxylic group of the substrate.22 
In the second step luciferase acts as an oxygenase, oxidizing LH2-AMP and 
generating a dioxetanone intermediate (Fig. 5).22-24 To oxidize this adenylate, luciferase 
is thought to abstract the C4 proton producing a carbanion.12,22,24 This proton 
abstraction is assisted by the adenylation of D-LH2, as the AMP moiety increases the 
acidity of the C4 proton.12,22,24 Subsequently, the carbanion is the target of a 
nucleophilic attack from molecular oxygen, which leads to the formation of a linear 
hydroperoxide.22,25 The next step is a intramolecular nucleophilic attack of the 
hydroperoxide group, supported by the release of AMP.  
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Figure 4 – Formation of LH2-AMP from the adenylation reaction between D-LH2 and 
ATP-Mg2+. 
 
This last partial reaction leads to the formation of the dioxetanone intermediate, 
generally referred as firefly dioxetanone.22,25 It is the decomposition of this high-energy 
compound that allows the formation of excited state OxyLH2.22,25 
 
 
Figure 5 – Formation and decomposition of firefly dioxetanone, with subsequent 
light emission from OxyLH2. 
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While this carbanion-based mechanism has been proposed and generally 
accepted by more than forty years, it is indeed problematic that the dioxetanone 
intermediate is stated to be formed from unactivated triplet oxygen in a spin forbidden 
process. In order to overcome this problem, two new mechanisms were recently 
proposed: a radical mechanism based on molecular oxygen abstraction of a C4 H atom 
(Fig. 6A), and a single electron-transfer (SET) mechanism involving superoxide anion 
formation (Fig. 6B).26,27 Nevertheless, these mechanisms are still very hypothetical in 
nature. 
 
Figure 6 – Schematic representation of the radical (A) and single electron transfer 
(B) oxidation mechanisms for firefly dioxetanone formation. 
 
It is important to note that these reaction mechanisms were obtained in an indirect 
way through experimental studies, and still it is not well known the role of luciferase in 
which reaction step. It is also not clear which the protonation state is of D-LH2, LH2-
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AMP, OxyLH2 and firefly dioxetanone inside luciferase, although the fact that they are 
generally regarded as anionic.  
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1.5. Formation of Excited State OxyLH2 due to the 
Decomposition of Firefly Dioxetanone 
 
 
 
Article 2 
 
 
Firefly Chemiluminescence and Bioluminescence: Efficient Generation of Excited 
States 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
ChemPhysChem 2012, 13, 2257-2252. 
 
The bibliographic research and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Joaquim Esteves da Silva. 
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1.6. The Flash Profile of Firefly Bioluminescence 
The in vitro emission of light follows, under well defined condition, a flash pattern 
with a rise in the intensity of light that decays to low levels in a few seconds.28,29 This 
light profile is attributed to the formation of inhibitory products during the course of the 
bioluminescent reaction, in lateral or “dark” pathways also catalyzed by luciferase.28-31 
 
 
Figure 7 – Representation of the most important inhibitors of firefly 
bioluminescence: L-AMP (A), L (B), L-CoA (C) and L-LH2 (D). 
 
OxyLH2 is by itself a known competitive inhibitor of D-LH2 (Ki 30 
However, experimental findings indicates that the true responsible for the flash profile 
of firefly bioluminescence is dehydroluciferyl-adenylate (L-AMP, Fig. 7A), an oxidation 
product of LH2-AMP. L-AMP acts as a tight-binding competitive inhibitor of D-LH2 (Ki = 
3.8 ± 0.7 nM), and its formation is also catalyzed by luciferase.30 The formation reaction 
of L-AMP also involves the production of hydrogen peroxide.32 Such metabolite could 
impair biological functions if its concentrations is different from cellular demand. 
However, as luciferase produced in the firefly light organs are directed into 
peroxisomes, the production of hydrogen peroxide will be innocuous as the 
consequence of high catalase concentrations present there. 
L-AMP is capable of reacting with PPi-Mg2+, released in the light-production 
pathway, forming dehydroluciferin (L, Fig. 7B) and AMP. L is a tight-binding 
uncompetitive inhibitor towards D-LH2 (Ki = 4.90 ± 0.09 nM).31 
Coenzyme A (CoA) it is not involved in the classic bioluminescent reaction, but it 
has been added to commercial luciferase kits due to its stimulating effects on light 
emission.22,29,31 This happens because CoA can react with L-AMP, thus leading to the 
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formation of dehydroluciferyl-coenzyme A (L-CoA, Fig. 7C) in a luciferase catalyzed 
reaction. L-CoA is also an inhibitor towards D-LH2 (Ki = 0.88 ± 0.03 M) but it is much 
less potent than L-AMP, which accounts for the stimulating effect of CoA.31 
Another possible inhibitor of the bioluminescent reaction is the L enantiomer of D-
LH2 (Fig. 7D).31 This compound is also a inhibitor of D-LH2 (Ki = 0.68 ± 0.14 M and Ki 
= 0.34 ± 0.16 M), and it can be adenylated by luciferase into L-LH2-AMP, which is 
thought as not being able to produce light in the bioluminescent reaction.31 
 
1.7. Evolution of Firefly Luciferase 
In 1967 McElroy and co-workers noted certain similarities between the reactions 
catalyzed by luciferase and those catalyzed by acyl-CoA synthetases:33 
Fatty-acid + ATP-Mg2+ → acyl-AMP + PPi-Mg2+            (3) 
Acyl-AMP + CoA → acyl-CoA + AMP                           (4) 
 
Twenty years later, by studying rat long-chain acyl-CoA synthetase, Suzuki et al. 
supported McElroy observations.16 This group reported that luciferase has a striking 
resemblance with the acyl-CoA synthetases, having a degree of sequence identity of 
35.8%. These results showed that luciferase is definitively related with long-chain acyl-
CoA synthetases.16 Based on these findings, firefly luciferase was considered part of 
the acyl-adenylate/thioester-forming enzyme superfamily, which includes also 
numerous acyl-CoA ligases (eg. Acetate-CoA ligase, fatty-acid-CoA ligase and 
coumarate-CoA ligase).34Another evidence of this relationship was the discovery that 
fatty-acids are competitive inhibitors towards D-LH2 in the bioluminescent reaction.28 
Following this discovery, Oba et al. predicted and demonstrated that the catalytic ability 
of luciferase to synthesize long-chain fatty acyl-CoA from various long-chain fatty-acid, 
in the presence of ATP-Mg2+ and CoA.35 
In addition to long-chain fatty acyl-CoA synthetic ability, luciferase has also CoA 
ligase activity for LH2 and L.22,31 In a matter of fact, it was reported that luciferase 
exhibits different activities depending on which LH2 enantiomer acts as a substrate. 
This means that luciferase strictly recognize the stereogenic center at C4 of LH2, having 
CoA ligase activity for the L-isomer (yielding L-LH2-CoA) or catalyzing the oxidation of 
D-LH2 (leading to light production).36 
In conclusion, the bi-functional nature of luciferase supports the idea that this 
enzyme was initially a fatty-acid-CoA ligase. Later on, LH2 emerged and competed with 
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fatty acids as a substrate for the same enzyme, resulting in the formation of LH2-AMP 
that reacted with molecular oxygen and leading to the emission of light. 
 
1.8. Color Tuning Mechanism of Firefly Bioluminescence 
As was already stated, the luciferase-OxyLH2 system can emit in a vast range of 
the visible spectrum, depending on the firefly species to which the luciferase enzyme 
belongs.5,22,25 An increase in the emission wavelength maximum can be obtained with 
higher temperatures, addition of metal cations and enzyme denaturation.37,38 The 
luciferase-OxyLH2 complexes of certain firefly species are also sensitive to pH 
changes, emitting green light at basic pH (pH~7-8), while at acidic pH (pH~5-6) emit 
red light.37,38 Several groups have been trying to understand the color tuning 
mechanism of the pH-sensitive bioluminescent reaction, both by experimental and 
theoretical approachs.37,38 
 
 
Figure 8 – Possible chemical forms of OxyLH2 in solution. 
 
The first proposed hypothesis that tried to explain the multicolor bioluminescence, 
was that the high color range of light emitted could be explained by keto-enol 
equilibrium of OxyLH2 (Fig. 8).39 However, later studies with an OxyLH2 analog 
constrained to its keto species have demonstrated that the enolic species are not 
needed to obtain emission wavelength maxima in the green and red regions of the 
visible spectra.40 These findings were supported by three different and independent 
theoretical studies, which have indicated that the anionic keto species of OxyLH2 is the 
sole bioluminescent emitter.41-43 
Given this, several researchers have tried to develop an explanation as to how a 
single species could emit in a so different wavelength range (530-640 nm). One of the 
most important studies in this field was that of Nakatsu et al.20 This group obtained the 
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tridimensional structure of the luciferase enzyme of the Luciola cruciata firefly species, 
complexed with several ligands. These authors have come up with the hypothesis that 
a “closed” conformation of luciferase active site, associated to a more rigid and 
hydrophobic medium, would be responsible for the emission of green light at basic pH. 
A more “open” conformation, corresponding to a less rigid and more polar active site, 
would then be responsible for red light emission at acidic pH. Thus, it would be the 
degree of polarity and rigidity of the active site to control the emission wavelength 
maximum of firefly bioluminescence.20 However, several groups have demonstrated 
that the rigidity degree of the luciferase active site cannot be associated to the color 
tuning mechanism, and that the microenvironment polarity cannot explain by itself color 
shifts in firefly bioluminescence.20,37,38,41,44-48 However, it was indeed demonstrated 
theoretically that these two conformations can be correlated with the emission of the 
luciferase-OxyLH2 complex at acidic and basic pH.48 
More recently, our group has been demonstrating by computational methods that 
the light emitted by OxyLH2 can be modulated by intermolecular interactions that this 
bioluminophore can form with other molecules.41,49,50 Our computational study of the 
Luciola cruciata luciferase-OxyLH2 complex, on both active site conformations, have 
demonstrated that the increase in emission wavelength associated with pH decrease is 
related with different intermolecular interactions, formed between the light emitter and 
active site molecules.49,50 More specifically, there is a decrease in the interaction 
strength between OxyLH2 and AMP, while it can be observed an increased interaction 
with a phenylalanine residue.50 Another important factor is a rupture in a hydrogen 
bond between a water molecule and the OxyLH2 benzothiazole oxygen, while another 
hydrogen bond is formed between a water molecule and the light emitter thiazolone 
oxygen.50 
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1.9. Firefly Oxyluciferin and Related Compounds as Photoacids 
 
 
 
Article 3 
 
 
Oxyluciferin Photoacidity: The Missing Element for Solving the Keto-Enol Mystery? 
Luís Pinto da Silva, Ron Simkovitch, Dan Huppert and Joaquim C.G. Esteves da Silva 
ChemPhysChem 2013, 14, 3441-3446. 
 
The bibliographic research and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision and collaboration with Ron Simkovitch, and Professors Dan 
Huppert and Joaquim Esteves da Silva. 
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1.10. Applications of the Luciferase-OxyLH2 Bioluminescent 
System 
Progress in molecular biology has made available new bioanalytical tools that take 
advantage of the great detectability and the simple analytical format of 
bioluminescence. In general there are two broad areas of interest: the use of luciferase 
in analytical assays of metabolites and molecular biology studies. 
The luciferase-OxyLH2 system is widely used in the detection and quantification of 
ATP, as the light intensity is proportional to the ATP concentration present in the 
sample that is to be analyzed. Besides ATP, the firefly bioluminescence reaction is also 
used to quantify CoA, PPi and AMP.51-54 
Luciferase can also be used as a reporter gene. The luciferase gene can be 
introduced into the desired organism by means of an expression vector, and inside the 
cell is translated into functional luciferase protein. An extract is made and the addition 
of its substrates leads to light production, which can be recorder in a luminometer. This 
strategy is used to identify regulatory sequences and in drug screening.55,56 
Another application for firefly bioluminescence is that of bioimaging, which is the 
most widely used method to measure transgene experession in vivo.10-12 In such 
approach, light production can be measured in vivo in a living organism. This 
application has attracted great interest as it can be used in so diverse and important 
fields as that of oncology, infection progression and protein expression.10-12 
The technology of bioluminescence resonance energy transfer has been 
developed as a mean of detecting protein-protein interactions, and conformational 
changes of biomolecules in a nanometer scale.10 
Finally, mutagenesis studies on luciferase enabled the production of proteins with 
novel and improved properties, as new light color emission, increased catalytic 
efficiency and higher luminescence intensity.11,57,58 
 
1.11. Unsolved Problems 
Despite the importance gained by firefly bioluminescence in recent years, there are 
still aspects associated with it that prevent its use in new applications, and in increasing 
the efficiency of existent ones. 
The high Km of ATP and the formation of inhibitory compounds responsible for the 
flash profile impair the analytic detection of the light emitted by the luciferase-OxyLH2 
system. 
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One of the most studied features of this bioluminescent system is it multicolor light 
emission. This is due to the fact that the yellow-green light typically emitted by this 
system is not the most appropriated for its in vivo and in vitro applications. The 
photodetectors used in in vitro assays are more sensitive in the blue region of the 
visible spectrum. In in vivo applications it would be more effective if the wavelength 
maximum of emitted light was in the red region of the visible spectrum, as yellow-green 
light is more easily absorbed by tissues than red light. Moreover, hemoglobin absorbs 
more in the yellow-green region than in the red one. 
Several groups have been trying to modify both the enzyme and D-LH2 in order to 
obtain emission wavelengths in the red region of the visible spectrum. However, even if 
this red shift is achieved, the intensity of emitted light is always lower than that obtained 
by unmodified luciferase-OxyLH2 system.59-61 Moreover, not all attempts to red shift 
firefly bioluminescence are successful.59-61 This lack of success is explain by a lack of 
knowledge regarding the firefly color tuning mechanism.  
The decrease in the intensity of emitted light of mutated luciferase-OxyLH2 systems 
is also related with three factors: decrease in the yield of the luciferase-catalyzed 
ground state reaction; efficiency decrease in the chemiexcitation step; decrease of the 
fluorescence quantum yield of the light emitter. However, it is quite difficult to correlate 
each one of the factors with a decrease of emitted light given that the reaction 
mechanism regarding OxyLH2 formation is far from clarified. Moreover, there are very 
few data regarding the chemiexcitation step, and the involvement of luciferase active 
site in it. Finally, there is still no comprehensive comparison between the fluorescence 
maxima/intensity of unmodified and mutated OxyLH2, both in solvent and luciferase 
active. Without such information, one cannot obtain structure-function relationships that 
allow the rational development of new and improved firefly bioluminophores. 
 
1.12. The Contribute of this Ph.D. Thesis 
This Ph.D. Thesis has the goal of allowing the development of new solutions for 
the problems that prevent a more effective and productive use of firefly 
bioluminescence, by employing a combination of theoretical and experimental 
methods. To achieve that goal, it were planned a series of small and interconnected 
research projects, which allowed the clarification of several unresolved features of the 
luciferase catalyzed reactions. 
It was theoretically studied the binding of LH2-AMP and two adenylates known to 
be inhibitors of the bioluminescence reaction. In that way was possible to present more 
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data related to the mechanism responsible for the flash profile of bioluminescence. It 
was also excluded the possibility of the formation of L and L-LH2 from D-LH2, which 
eliminates these compounds as possible inhibitors of the light emitting reaction. 
It was also studied the potential role of a carbanion and a radical in the formation of 
firefly dioxetanone. Our theoretical results favor the presence of a radical, as it allows 
the interaction of molecular oxygen with singlet LH2-AMP in order to produce singlet 
OxyLH2, as well as allowing the formation of L-AMP. These results were corroborated 
by the discovery of the involvement of a radical intermediate in the chemiluminescent 
reaction between D-LH2 and superoxide anion. 
The study of several dioxetanones revealed a concerted mechanism for their 
decomposition reactions, and that chemiexcitation is due to intersystem crossing 
processes between ground/excited singlet and triplet states, besides transitions 
between singlet states. These results lead to the proposal of the Interstate Crossing 
Induced Chemiexcitation (ICIC) theory, which allows us to explain the formation of 
excited states from dioxetanone decomposition. 
Computational studies of the binding of OxyLH2 to two conformations of luciferase 
allowed the determination that the bioluminescent wavelength maximum is controlled 
by the electrostatic field, formed by intermolecular interactions between the 
bioluminophore and the enzymatic active site. More specifically, the color of light 
emitted is determined by repulsive electrostatic interactions with AMP, hydrogen bonds 
with water molecules, and π-π stacking interactions with a phenylalanine residue. The 
analysis of several OxyLH2 analogues related increased emission wavelength and 
fluorescence intensity to π-π conjugation effects and to a higher HOMO-LUMO 
overlap, especially in the connective region between the two moieties of oxyluciferin. 
Finally, the photoprotolytic cycle of OxyLH2, D-LH2 and L in aqueous solution were 
studied and characterized. This allowed us to identify these molecules as photoacids, 
determine possible deactivation pathways, and observe the involvement of 
supramolecular π-π complexes. More importantly, it allowed us to predict the 
involvement of enolate OxyLH2 in the firefly bioluminescent reaction, and propose it as 
one of the possible light emitters. 
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Chapter 2 – Study of the Flash Profile of 
Firefly Bioluminescence 
 
2.1. Comparative Study of the Binding Mode to Luciferase of 
LH2-AMP and Related Adenylates 
 
 
 
Article 4 
 
 
Comparative theoretical study of the binding of luciferyl-adenylate and dehydroluciferyl-
adenylate to firefly luciferase 
Luís Pinto da Silva, João Vieira and Joaquim C.G. Esteves da Silva 
Chem. Phys. Lett. 2012, 543, 137-141. 
 
The theoretical calculations were performed by Luís Pinto da Silva and João Vieira, 
while the paper was written by Luís Pinto da Silva under supervision of Professor 
Esteves da Silva. 
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2.2. Evalution of the Potential Role of the Oxidation and 
Isomerism Reactions of D-LH2 
 
 
 
Article 5 
 
 
Study of firefly luciferin oxidation and isomerism as possible inhibition pathways for 
firefly bioluminescence 
Luís Pinto da Silva, and Joaquim C.G. Esteves da Silva 
Chem. Phys. Lett. 2014, 592, 188-191. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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Chapter 3 – Study of the Formation 
Mechanism of Firefly Dioxetanone 
 
3.1. Evaluation of the Potential Role of a Carbanion or a Radical 
Intermediate in the Formation of Firefly Dioxetanone 
 
 
 
Article 6 
 
 
Theoretical evaluation of the role of carbanion and radical molecules on the formation 
of firefly dioxetanone 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
J. Spectrosc. Dyn. 2014, 4:17. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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3.2. Characterization of the Reaction Mechanism of the 
Chemiluminescent Reaction between D-LH2 and Superoxide 
Anion 
 
 
 
Article 7 
 
 
Theoretical study of the correlation between superoxide anion consumption and firefly 
luciferin chemiluminescence 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
Chem. Phys. Lett. 2013, 577, 127-130. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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Article 8 
 
 
Theoretical study of the superoxide anion assisted firefly oxyluciferin formation 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
Chem. Phys. Lett. 2013, 590, 180-182. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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Chapter 4 – Characterization of the 
Decomposition Reaction of Dioxetanone 
Molecules and the Subsequent 
Chemiexcitation Step 
 
4.1. Characterization of the Decomposition Reaction of Simple 
1,2-Dioxetanone 
 
 
 
Article 9 
 
 
Density functional theory of 1,2-dioxetanone decomposition in condensed phase 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
J. Comput. Chem. 2012, 33, 2118-2123. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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Article 10 
 
 
Response to “Comment on density functional theory study of 1,2-dioxetanone 
decomposition in condensed phase” 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
J. Comput. Chem. 2012, 33, 2127-2130. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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Article 11 
 
 
Chemiluminescence of 1,2-dioxetanone studied by a closed-shell DFT approach 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
Int. J. Quantum Chem. 2013, 113, 1709-1716. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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4.2. Characterization of the Decomposition Reaction of 
Dimethyl-1,2-Dioxetanone 
 
 
 
Article 12 
 
 
Interstate crossing-induced chemiexcitation as the reason for the chemiluminescence 
of dioxetanones 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
ChemPhysChem 2013, 14, 1071-1079. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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4.3. Characterization of the Decomposition Reaction of 
Dioxetanedione 
 
 
 
Article 13 
 
 
Mechanistic study of the unimolecular decomposition of 1,2-dioxetanedione 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
J. Phys. Org. Chem. 2013, 26, 659-663. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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4.4. Evaluation of the Possibility of the Presence of a Biradical 
Intermediate in Dioxetanone Decomposition 
 
 
 
Article 14 
 
 
Evidence of the absence of a biradical intermediate in the decomposition of 1,2-
dioxetanones 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
Science Letters Journal 2012, 1:29. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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Article 15 
 
 
Dioxetanones’ peroxide bond as a charge-shifted bond: implications in the 
chemiluminescence process 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
Struct. Chem. 2014, 25, 1075-1081. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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Chapter 5 – Study of the Color Tuning 
Mechanism of the Bioluminescent 
Luciferase-OxyLH2 System 
 
5.1. Analysis of OxyLH2 Light Emission inside Photinus pyralis 
Luciferase 
 
 
 
Article 16 
 
 
TD-DFT/Molecular Mechanics Study of the Photinus pyralis Bioluminescence System 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
J. Phys. Chem. B 2012, 116, 2008-2013. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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Article 17 
 
 
Quantum/molecular mechanics study of firefly bioluminescence on luciferase oxidative 
conformation 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
Chem. Phys. Lett. 2014, 608, 45-49. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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5.2. Study of OxyLH2 Excited State Properties in Water and in 
Gas Phase 
 
 
 
Article 18 
 
 
Theoretical analysis of the color tuning mechanism of oxyluciferin and 5-
hydroxyoxyluciferin 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
Comput. Theor. Chem. 2012, 988, 56-62. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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Article 19 
 
 
Theoretical fingerprinting of the photophysical properties of four firefly bioluminophores 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
Photochem. Photobiol. Sci. 2013, 12, 2028-2035. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under supervision of Professor Esteves da Silva. 
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Chapter 6 – Characterization of OxyLH2 
and Related Compounds as Photoacids 
 
6.1. Characterization of the Photoprotolytic Cycle of OxyLH2, D-
LH2 and L 
 
 
 
Article 20 
 
 
Comparative study of the photoprotolytic cycle reactions of D-luciferin and oxyluciferin 
Yuval Erez, Itay Presiado, Rinat Gepshtein, Luís Pinto da Silva, Joaquim C.G. Esteves 
da Silva and Dan Huppert 
J. Phys. Chem. A 2012, 116, 7452-7461. 
 
Luís Pinto da Silva was responsible for writing the Introduction and Summary sections 
of this paper, under the supervision of Professors Joaquim Esteves da Silva and Dan 
Huppert, and was involved in the discussion of the obtained results. 
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Article 21 
 
 
Excited-state proton transfer of firefly dehydroluciferin 
Itay Presiado, Yuval Erez, Ron Simkovitch, Shay Shomer, Rinat Gepshtein, Luís Pinto 
da Silva, Joaquim C.G. Esteves da Silva and Dan Huppert 
J. Phys. Chem. A 2012, 116, 10770-10779. 
 
Luís Pinto da Silva was responsible for writing the Introduction and Summary sections 
of this paper, under the supervision of Professors Joaquim Esteves da Silva and Dan 
Huppert, and was involved in the discussion of the obtained results. 
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6.2. Study of Deactivation Pathways for the Fluorescence of 
OxyLH2, D-LH2 and L 
 
 
 
Article 22 
 
 
Theoretical study of the efficient fluorescence quenching process of the firefly luciferin 
Luís Pinto da Silva, Ron Simkovitch, Dan Huppert and Joaquim C.G. Esteves da Silva 
J. Photochem. Photobiol. A: Chemistry 2013, 266, 47-54. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under the supervision of Professors Joaquim Esteves da Silva and Dan 
Huppert. 
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6.3. Study of the Nontraditional Enol Photoacidity of OxyLH2 in 
Aqueous Solution 
 
 
 
Article 23 
 
 
Theoretical study of the nontraditional enol-based photoacidity of firefly oxyluciferin 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
ChemPhysChem 2015, 16, 455-464. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under the supervision of Professor Joaquim Esteves da Silva. 
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6.4. Study of the Involvement of π-π Stacked Complexes in the 
Photoprotolytic Cycle of OxyLH2 
 
 
 
Article 24 
 
 
Theoretical photodynamic study of the photoprotolytic cycle of firefly oxyluciferin 
Luís Pinto da Silva, Ron Simkovitch, Dan Huppert and Joaquim C.G. Esteves da Silva 
ChemPhysChem 2014, 14, 2711-2716. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under the supervision of Professors Joaquim Esteves da Silva and Dan 
Huppert. 
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Article 25 
 
 
Theoretical study of the effect of resonance on π-π stacked firefly oxyluciferin dimers 
Luís Pinto da Silva, Margarida S. Miranda and Joaquim C.G. Esteves da Silva 
J. Photochem. Photobiol. A: Chemistry 2014, 278, 9-13. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, except the sections regarding the calculation of Nucleus Independent 
Chemical Shifts (NICS) values (which was performed by Margarida Miranda), under the 
supervision of Professor Joaquim Esteves da Silva. 
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Article 26 
 
 
A theoretical analysis of the potential role of π-π stacking interactions in the 
photoprotolytic cycle of firefly luciferin 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
ChemPhysChem 2014, 15, 3761-3767. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under the supervision of Professor Joaquim Esteves da Silva. 
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6.5. Study of the Possible Involvement of Enolate OxyLH2 in 
Firefly Bioluminescence as a Light Emitter 
 
 
 
Article 27 
 
 
Efficient firefly chemi/bioluminescence: evidence for chemiexcitation resulting from the 
decomposition of a neutral firefly dioxetanone molecule 
Luís Pinto da Silva, A. Joel M. Santos and Joaquim C.G. Esteves da Silva 
J. Phys. Chem. A 2013, 117, 94-100. 
 
The theoretical calculations were performed by Luís Pinto da Silva, while the 
experimental studies were performed by both Luís Pinto da Silva and Joel Santos. The 
writing of the paper was performed by Luís Pinto da Silva. This work was made under 
the supervision of Professor Joaquim Esteves da Silva. 
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Article 28 
 
 
Chemiexcitation induced proton transfer: enolate oxyluciferin as the firefly 
bioluminophore 
Luís Pinto da Silva and Joaquim C.G. Esteves da Silva 
J. Phys. Chem. B 2015, 119, 2140-2148. 
 
The theoretical calculations and the writing of the paper were performed by Luís Pinto 
da Silva, under the supervision of Professor Joaquim Esteves da Silva. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FCUP 
Investigation of the Firefly Bioluminescent System for the Development of 
in vivo and in vitro Applications 
216 
 
 
 
 
FCUP 
Investigation of the Firefly Bioluminescent System for the Development of 
in vivo and in vitro Applications 
217 
 
 
 
 
FCUP 
Investigation of the Firefly Bioluminescent System for the Development of 
in vivo and in vitro Applications 
218 
 
 
 
 
FCUP 
Investigation of the Firefly Bioluminescent System for the Development of 
in vivo and in vitro Applications 
219 
 
 
 
 
FCUP 
Investigation of the Firefly Bioluminescent System for the Development of 
in vivo and in vitro Applications 
220 
 
 
 
 
FCUP 
Investigation of the Firefly Bioluminescent System for the Development of 
in vivo and in vitro Applications 
221 
 
 
 
 
FCUP 
Investigation of the Firefly Bioluminescent System for the Development of 
in vivo and in vitro Applications 
222 
 
 
 
 
FCUP 
Investigation of the Firefly Bioluminescent System for the Development of 
in vivo and in vitro Applications 
223 
 
 
 
 
FCUP 
Investigation of the Firefly Bioluminescent System for the Development of 
in vivo and in vitro Applications 
224 
 
 
 
Chapter 7 – Conclusions and Future 
Perspectives 
Several conclusions can be withdrawn from this project, which the author of this 
Thesis hope can be used for developing new applications for the firefly bioluminescent 
system, or increase the efficiency of existent ones 
 
7.1. Conclusions from the Study of the Flash Profile of Firefly 
Bioluminescence 
Our first conclusion is that while L and L-LH2 present a significant inhibitory power 
towards D-LH2, they should not play any role on firefly bioluminescence as they cannot 
be formed from the bioluminescent substrate in oxidation and isomerism reactions. 
The role of L-AMP in the flash profile was also further clarified. It was previously 
known that this compound is a tight-binding competitive inhibitor of D-LH2. Now we 
predict L-AMP to be also a competitive inhibitor of LH2-AMP, given that these 
adenylates present very similar binding mechanisms and affinity to luciferase. 
Moreover, we predict that this similarity prevents any attempt to decrease the affinity of 
L-AMP to luciferase by mutating the enzyme, as decreasing the binding of this 
adenylate would also decrease that of LH2-AMP thereby decreasing the emission of 
light. 
 
7.2. Conclusions from the Study of the Formation Mechanism 
of Firefly Dioxetanone 
While being accepted by more than forty years, the carbanion mechanism for the 
formation of firefly dioxetanone has been questioned recently as it is problematic that a 
singlet dioxetanone is formed from inactivated triplet oxygen in a spin forbidden 
process. This lead to the proposal of two new reaction mechanisms: a radical and a 
single electron-transfer one. Our theoretical work has supported this paradigm shift, by 
demonstrating that there is no factor that would cause any specific interaction between 
the thiazole moiety of a LH2-AMP carbanion and molecular oxygen. Moreover, our work 
indicates that such specific interaction is indeed possible between LH2-AMP and •OOH 
radicals. Moreover, we have found the evidence for a radical-based mechanism in the 
chemiluminescent reaction between D-LH2 and superoxide anion. 
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7.3. Conclusions from the Characterization of the 
Decomposition Reaction of Dioxetanone Molecules and the 
Subsequent Chemiexcitation Step 
Our theoretical work has attributed a concerted mechanism for the decomposition 
reaction of simple dioxetanones. This mechanism has the advantage of being in line 
with experimental findings, as it can explain the high triplet/singlet product ratio (due to 
intersystem crossings between the ground singlet and triplet states) and the inefficient 
light emission of these molecules (as the singlet excited state is only populated by 
intersystem crossing from a triplet state). Moreover, we have presented evidence that 
excludes the involvement of a biradical intermediate in the peroxide bond breaking 
step, as this bond is a charge-shifted one (or even covalent depleted) and the two 
oxygen atoms are not equivalent (thereby preventing a homolytic cleavage). This 
finding was supported by the fact that when these two oxygen atoms are equivalent, as 
in the case of dioxetanedione, a biradical stepwise mechanism was indeed identified. 
These findings allowed us to propose the Interstate Crossing-Induced 
Chemiexcitation mechanism as the reason for the chemiluminescence of dioxetanone 
molecules. Charge-transfer processes are needed to reach a transition state, in the 
vicinity of which direct population of excited states is possible. In the case of simple 
dioxetanones, this excited state population is mainly done by singlet/triplet intersystem 
crossings, thereby explaining the high triplet/singlet product ratio. 
 
7.4. Conclusions from the Study of the Color Tuning 
Mechanism of the Bioluminescent Luciferase-OxyLH2 System 
We have found that the multicolor bioluminescence originated by the firefly system 
is the result of the electrostatic field formed by the intermolecular interactions between 
OxyLH2 and the molecules of the luciferase active site. More specifically, the emission 
wavelength is determined by blue-shifting ionic interactions with AMP, red-shifting π-π 
stacking interactions with a phenylalanine residue, and red/blue-shifting hydrogen 
bonds with water molecules. 
Our results also predicted that the fluorescence intensity of OxyLH2 is controlled by 
the HOMO(x)/LUMO(x) orbital overlapping, particularly at the C-C bond that connects 
the two moieties of the light emitter. It was also found that a red-shift of the emission 
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can be obtained by a higher charge delocalization upon excitation, and by higher π-π 
conjugation between the two moieties of the bioluminophore. 
 
7.5. Conclusions from the Characterization of OxyLH2 and 
Related Compounds as Photoacids 
We have characterized for the first time OxyLH2 and related compounds (D-LH2 
and L) as photoacids, that is, they are able to donate a proton to the solvent via an 
excited state proton transfer (ESPT) reaction. In the excited state, OxyLH2, D-LH2 and L 
have pKa
*’s of about ~0.5, which are significantly lower than their ground state pKa’s 
(~7-8). We have found that D-LH2 presents a more efficient ESPT process (a rate 
coefficient of 3.2x1010 s-1) than OxyLH2 (2.2x1010 s-1) and L (1.1x1010 s-1). However, 
none of these molecules can be considered as particularly strong photoacids, as the 
ESPT reaction is inhibited in less polar solvents (as methanol), in the absence of base. 
A very interesting finding was that OxyLH2 emits a proton in the ESPT reaction 
from its enol group, given that photoacidity of an enol group in a five-membered ring is 
rare. We have found that in OxyLH2 this is possible due to the presence of a hydrogen 
bond acceptor (the thiazole nitrogen) near the enol group, which allows the stabilization 
of the enolate anion over the phenolate one. 
Another characteristic of the photoprotolytic cycle of OxyLH2 and related 
compounds is an efficient fluorescence quenching process, which we have attributed to 
the protonation of the nitrogen heteroatom of the benzothiazole moiety. This 
protonation leads to a singlet to triplet intersystem crossing, which can explain the 
fluorescence quenching. 
Contrary to D-LH2 and L, OxyLH2 presents a shift in the fluorescence wavelength 
maximum (550 to 540 nm) in aqueous solution when the pH changes from acidic 
(pH~4.5) to basic (pH~9). The explanation for this phenomenon is that OxyLH2 forms 
π-π stacking complexes both in the ground and excited states, at basic and acidic pH. 
However, at different pH values, these complexes adopt a different conformation, 
which explains the higher emission wavelength maximum at acidic pH. Such π-π 
stacking complexes are absence in the emissive state of D-LH2 in any pH range, which 
is in line with its lack of pH-sensitive fluorescence. 
More important is the discovery of how the photoacidity of OxyLH2 can play a role 
on firefly bioluminescence. Our finding that firefly dioxetanone must be protonated 
inside firefly luciferase indicates that excited state OxyLH2 must be formed in a neutral 
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state. However, as the yellow-green-red emission associated with firefly 
bioluminescence can only be from an anionic light emitter, neutral excited state OxyLH2 
must donate a proton via an ESPT reaction inside luciferase active site. Our 
calculations demonstrated that OxyLH2 can indeed donate a proton to AMP via an 
ESPT reaction, giving origin to the excited state enolate species. Moreover, we have 
found that this species is indeed sensitive to variations on the electrostatic field, and as 
the result, its emission spectrum can cover the entire yellow-green-red 
bioluminescence range. Thus, enolate OxyLH2 appears to have a significant role on 
firefly bioluminescence. 
 
7.6. Future Perspectives 
The finding that there is no obvious difference between the binding mode of L-AMP 
and LH2-AMP to firefly luciferase prevents the decrease of the inhibitory power of the 
former adenylate by mutating the enzyme, as it would also affect the binding of the 
latter intermediate. However, impairing the role of L-AMP in the flash profile can still be 
possible if one “mutates” the structure of D-LH2 in order to prevent the LH2-AMP to L-
AMP oxidation side-reaction. This can be made by changing the hydrogen atoms 
present in the thiazole moiety of D-LH2 (except that bound to the C4 carbon). 
While our results indicate that the carbanion mechanism for the formation of firefly 
dioxetanone is not feasible, and we do have results that support the radical-based 
mechanism, we do not have any evidence that excludes the single electron-transfer 
one. Thus, it is essential to verify if inside the luciferase active site, LH2-AMP can only 
formed a radical (compatible only with the radical mechanism) or a carbanion 
(compatible only with the single electron transfer mechanism). 
While our work have already reasonably characterized the decomposition reaction 
of simple dioxetanones, the next step should be to increase the structural complexity of 
these molecules, and analyze the effect of electron withdrawing and donating 
substituents on the decomposition and chemiexcitation steps. 
Another development that can be based on our work is the design of new 
bioluminescent substrates that originate a more red-shifted and intense light emission. 
This can be achieved by increasing the length of the bond chains that connect the 
benzothiazole and thiazole moieties of D-LH2 with C=C double bonds, thereby 
increasing the π-π conjugation. The elimination of the benzothiazole nitrogen should 
be investigated in order to prevent the efficient fluorescence quenching process 
associated with its protonation. 
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The finding that enolate OxyLH2, and not only the anionic keto species, may have a 
significant role on firefly bioluminescence, has rekindled the keto-enol conundrum. 
Thus, the fluorescence emission of OxyLH2 and analogs (restrained to its keto and enol 
forms) must be measured inside firefly luciferase active site, in order to determine if the 
resulting ESPT reaction results in a phenolate-keto or in an enolate species. 
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